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Differential Regulation of Hyaluronan Metabolism in
the Epidermal and Dermal Compartments of Human
Skin by UVB Irradiation
Marco Averbeck1,3, Carl A. Gebhardt1,3, Susanne Voigt1, Simone Beilharz1, Ulf Anderegg1,
Christian C. Termeer1, Jonathan P. Sleeman2 and Jan C. Simon1
Hyaluronan (HA), a major component of the cutaneous extracellular-matrix, is involved in tissue repair. Human
skin is exposed to and damaged by UVB-irradiation. Here, we investigate the regulation of HA metabolism in
human skin during acute UVB-induced inflammation. Expression of HA synthesizing (HAS) and degrading
enzymes hyaluronidase (HYAL) as evaluated by quantitative reverse transcribed PCR in response to UVB
differed when fibroblasts and HaCaT-keratinocytes, representative cell types in dermis and epidermis,
respectively, were compared. Both demonstrated temporally different expression patterns of these genes 3- and
24-hours post-irradiation. This resulted 24-hours post-irradiation in an increase in HAS gene expression in both
fibroblasts and HaCaT-keratinocytes, and an increase in HYAL expression only in fibroblasts. HA-production as
analyzed by the HA content of conditioned medium was reduced in HaCaT and fibroblast cultures 3-hours post-
irradiation, whereas HA increased in HaCaT-cultures 24-hours post-irradiation but remained suppressed in
fibroblasts-cultures. Consistently, immunohistochemical staining for HA in human skin 24-hours post-
irradiation demonstrated an increased epidermal HA, but a decrease in the dermal compartment. Moreover,
analysis of the HA content of dermal microdialysis-fluid revealed increased accumulation of HA degradation
products 24-hours post-irradiation. These data demonstrate that there is a complex temporal and spatial
regulation of HA-metabolism in skin in response to UVB irradiation.
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INTRODUCTION
Hyaluronan (HA) is one of the most abundant components of
human skin and exhibits a high turnover rate. This linear non-
sulfated glycosaminoglycan is composed of GlcAb-(1-3)
GlcNAcb(1-4) dissacharide units of which up to 30,000 can
be linked together, resulting in a molecular weight ranging
from 105 to 107 Da (Fraser et al., 1997; Toole and Hascall,
2002; Stern, 2003). HA exists freely in extracellular spaces,
but is also protein and cell-associated, resulting in the
formation of pericellular coats (Knudson et al., 1996; Day
and Sheehan, 2001; Toole et al., 2002). In addition to
supporting tissue architecture, HA is also involved in cell
migration and differentiation processes during wound healing
and inflammation via its receptors that include CD44 and
RHAMM (Toole et al., 2002; Turley et al., 2002; Tammi et al.,
2005). HA turnover and regulation of HA metabolizing
enzymes have been reported to be rapid (Stern, 2003;
Yamada et al., 2004; Tammi et al., 2005). Although epidermal
HA content regularly turns over within 1–2 days, dermal HA
content is higher but its metabolism is less understood (Tammi
et al., 1989; Tammi et al., 1994; Stern, 2003).
Synthesis of HA is accomplished by three HA synthases
(HAS-1, -2, -3) (Itano and Kimata, 1996; Spicer et al., 1996,
1997). They produce different sizes of polysaccharide chains
with average molecular weights of 2–4106 Da for HAS-1,
and HAS-2, and 0.4–2.5 105 Da for HAS-3 (Weigel et al.,
1997; Itano and Kimata, 2002). Catabolism of HA is achieved
through the hyaluronidase (HYAL) family of hyaluronidases.
HYAL-1 and -2 are acid-active enzymes located in the
lysosomal compartment and glycosyl phosphatidylinositol-
anchored in the plasma membrane, respectively. A recent
report, however, could not detect HYAL-2 in the plasma
membrane but in a cellular localization which might depend
on the cell type (Kreil, 1995; Frost et al., 1997; Strobl et al.,
1998; Csoka et al., 2001; Chow et al., 2006). HYAL-1
generates tetrasaccharides whereas HYAL-2 produces HA
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fragments of 10–20103 Da (Lepperdinger et al., 2001;
Noble, 2002). Both enzymes exist as soluble isoforms (Kreil,
1995; Lepperdinger et al., 2001; Stern, 2003). HYAL-3 is less
characterized. It is still a matter of debate as to what extent
HA is degraded by HYALs extracellularly and whether HA
fragments are retained or released within the tissue (Knudson
et al., 2002; Stern, 2003). To date, such degradation products
of HA have been rarely detected in vivo (McKee et al., 1997).
It is now well established that epidermal injury is followed
by an increase in epidermal HAS messenger RNA (mRNA)
expression and HA content (Tammi et al., 2005). At the same
time, degradation of HA in injured tissues is observed
(Knudson et al., 2002; Noble, 2002). Here, degradation of
HA is caused either enzymatically by hyaluronidases or non-
enzymatically by mechanisms such as free radical-related
depolymerization (Noble, 2002). Free radical depolymeriza-
tion of HA occurs in the presence of reactive oxygen species
and Maillard products, resulting in HA oligomers of different
length (Uchiyama et al., 1990; Agren et al., 1997; Deguine
et al., 1998; Hawkins and Davies, 1998). HA oligomers
so produced are highly bioactive and pro-inflammatory
(Termeer et al., 2003). Degradation and clearance of HA at
inflammatory sites occurs by a CD44-dependent uptake
mechanism (Noble, 2002; Stern, 2003). However, the time
course of HA synthesis and degradation is unknown and it
remains unclear as to what extent HA fragments accumulate
under inflammatory conditions (McKee et al., 1997; Noble,
2002).
The skin is the most susceptible organ to damage by UV
radiation owing to the possibility of direct exposure. To date,
little is known about changes in HA metabolism that occur as
a consequence of UV-induced damage of the skin. In
humans, an age-dependent increase in HAS-3 mRNA level
and HA content in UV-exposed skin has been reported
recently (Sudel et al., 2005). Histological and biochemical
studies that examined HA metabolism in the skin of mice
following chronic suberythemal doses of UV irradiation are
contradictory. Some studies have reported an accumulation
of HA whereas others observed no change in HA content
(Schwartz, 1988; Longas et al., 1993; Margelin et al., 1993;
Tammi et al., 1994; Koshiishi et al., 1999). Here it is
important to note that histochemical analysis might only give
a rough estimate of the actual HA turnover rate, and that HA
content and metabolism in mice does not necessarily reflect
the situation in humans (Tammi et al., 2005). Reactive
oxygen species also arise in the skin following UV irradiation
(Halliday, 2005), suggesting that free-radical depolymeriza-
tion and degradation of HA might be a feature of UV-induced
damage to the skin.
In this study, we aimed to investigate the metabolism of
HA in acute UVB-induced inflammation in human skin. In
addition to analyzing human skin, we also examined UVB-
induced effects on dermal fibroblasts and immortalized
keratinocytes (HaCaT cells) that represent the main cellular
component of dermis and epidermis, respectively. We
examined the expression of HA metabolizing enzymes by
quantitative reverse transcribed PCR, and also the accumula-
tion and fragmentation of HA in cultured cells and skin
following UVB irradiation. We conclude that HA metabolism
in human skin is rapidly and differentially regulated by acute
UVB irradiation. This results in an initial transient reduction
in dermal and epidermal HA content 3-hour post-irradiation
as a consequence of both increased degradation and
decreased synthesis. Subsequently, HA content increases in
the epidermal compartment 24 hours following UVB-induced
inflammation but remains suppressed in the dermal compart-
ment, reflecting tissue repair. The increase in low molecular
weight HA in dermal microdialysis fluid but decreased total
HA in the dermal compartment 24-hour post-irradiation
suggests a fast clearing of HA degradation products in this
compartment. However, no significant production of HA
oligosaccharides could be detected by fluorophore-assisted
carbohydrate electrophoresis (FACE) analysis. Together, these
data indicate that concomitant increases in HA synthesis and
turnover are key components of skin repair and regeneration
subsequent to UVB exposure.
RESULTS
HA metabolizing enzymes are differentially expressed in non-
irradiated human skin, keratinocytes, and dermal fibroblasts
As a prelude to examining the influence of UVB irradiation
on HA metabolism, we first established the expression of
HA metabolizing enzymes in human skin, keratinocytes,
and dermal fibroblasts. Keratinocytes account for majority
of cells in epidermis, whereas fibroblasts make up
the majority of cells in the dermal compartment. This
experimental design thus allowed us to assess whether the
major cellular components of the dermal and epidermal
compartments respond differently to UVB. For these studies,
immortalized keratinocytes (HaCaT cells) were preferred
over primary epidermal keratinocyte cultures for several
reasons. First, the specialized keratinocyte media required
for the cultivation of primary cells contain supplements
such as insulin, fibroblast growth factor and hydrocortisone,
all of which have been demonstrated to influence HA
metabolism (Meyer et al., 2000; Karvinen et al., 2003;
Pasonen-Seppanen et al., 2003; Yamada et al., 2004;
Stuhlmeier and Pollaschek, 2004). Second, the use of HaCaT
cells allowed us to perform conditioned media exchange
experiments, which were not possible with primary cultures
owing to rapid overgrowth of the primary keratinocytes by
the few remaining fibroblasts in the cultures when cultivated
in non-specialized media.
The mRNA expression levels of HA metabolizing enzymes
were assessed by quantitative reverse transcribed PCR in non-
irradiated HaCaT cells, human dermal fibroblasts, and in
human skin relative to ribosomal protein s26 (rps26). In
HaCaT cells, HAS-2 and HAS-3 were equivalently expressed
at considerably higher levels than HAS1 (Figure 1a). HYAL-2
was more predominantly expressed than HYAL-1 and HYAL-
3 (Figure 1a). In fibroblasts, HAS-2 expression was markedly
higher than HAS-3 (Figure 1b), whereas HYAL-2 expression
predominated over HYAL-1 and HYAL-3, as in HaCaT cells
(Figure 1b). Also reminiscent of the situation in HaCaT cells,
in human skin HAS-2 and HAS-3 were equivalently
expressed at much higher levels than HAS1 (Figure 1c) and
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HYAL-2 mRNA expression predominated notably over
HYAL-1 and HYAL-3 (Figure 1c).
The relative mRNA expression levels of HA metabolizing
enzymes in HaCaT, fibroblasts, and human skin were directly
compared (Figure 1d). HAS-1 and HAS-2 were much more
highly expressed in fibroblasts than in HaCaT and human skin
(Figure 1d). HAS-3 was expressed at considerably higher
levels in HaCaT cells than in human skin. HYALs were not
differently expressed between the different samples, but there
was a tendency for HYAL-2 to be more highly expressed
in fibroblasts. These results set a baseline against which
to measure UVB-induced changes in expression of HA
metabolizing enzymes.
UVB exerts cell-specific effects on expression of HAS and HYAL
genes that vary according to the time post-irradiation
Next, we investigated the influence of acute UVB irradiation
on expression of the HAS and HYAL enzymes 3- and 24-hour
post-irradiation in HaCaT keratinocytes and human dermal
fibroblasts, and compared this with expression in human skin
24-hour post-irradiation. For the in vitro experiments a dose
of 30 mJ/m2 UVB was chosen. At this dosage no significant
increase in apoptosis was observed in HaCaT and fibroblasts
in our experimental setting compared to non-irradiated
controls (data not shown).
Three-hour post-UVB irradiation, HAS-2 expression was
markedly decreased in HaCaT cells whereas HAS-1 expres-
sion was several fold increased (Figure 2a). Fibroblasts
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Figure 1. mRNA levels of HA metabolizing enzymes in HaCaT, fibroblasts,
and human skin. mRNA levels were estimated by qRT–PCR and normalized
to the values obtained for rps26 mRNA. The values for HAS and HYAL
transcripts can be directly compared, as the values were corrected for PCR
efficiencies (see Materials and Methods). (a) mRNA levels in HaCaT cells.
(b) mRNA levels in fibroblasts. (c) mRNA levels in human skin. (d) Direct
comparison of mRNA levels in HaCaT, fibroblast and human skin. Data
represent mean values7SEM from at least three independent experiments or
five individuals, respectively. Indicated P-values were obtained by analysis of
variance followed by Tukey’s post-test.
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Figure 2. UVB exerts cell-specific effects on expression of HAS and HYAL
genes that vary according to the time post irradiation. (a) mRNA expression
of HA metabolizing enzymes in HaCaT cells 3 hours subsequent to 30 mJ/m2
UVB irradiation was normalized to rps26 and compared with non-irradiated
controls (dotted line¼1). (b) mRNA expression of HA metabolizing enzymes
in fibroblasts 3 hours subsequent to 30 mJ/m2 UVB irradiation was normalized
to rps26 and compared with non-irradiated controls (dotted line¼1). Results
represent mean7SEM from at least three independent experiments. Indicated
P-values result from paired t-test analysis. (c) mRNA expression of HAS and
HYAL enzymes in HaCaT cells UVB-irradiated at 30 mJ/m2 was normalized to
rps26 and compared with non-irradiated controls (dotted line¼ 1). Results
represent mean7SEM from at least three independent experiments. Indicated
P-values result from paired t-test analysis. (d) mRNA expression of HAS and
HYAL enzymes in human fibroblasts UVB-irradiated at 30 mJ/m2 was
normalized to rps26 and compared with non-irradiated controls (dotted
line¼1). Results represent mean7SEM from at least three independent
experiments. Indicated P-values result from paired t-test analysis. (e) mRNA
expression of HAS and HYAL enzymes in human skin 24 hours after being
UVB irradiated with 2MED (177.8735 mJ/cm2) was normalized to rps26
and compared with non-irradiated control biopsies from the same individuals
(dotted line). Data are presented as a scatter plot with mean values from
five individuals. Indicated P-values result from paired t-test analysis.
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behaved differently, showing a considerable decrease in
expression of both HAS-1 and HAS-2 (Figure 2b). Intri-
guingly, the expression patterns were substantially different
24-hour post-irradiation. A marked several fold increase of
HAS2 and HAS3 was observed in both HaCaT and human
skin, and HAS1 expression also had the tendency to increase
(Figure 2c and e). In human fibroblasts, expression of HAS-1
and HAS-2 also increased 24 hours following UVB irradiation
(Figure 2d). However, these enzymes were not as strongly
elevated as in HaCaT cells or human skin (Figure 2c, e).
Moreover, HAS-3 did not demonstrate an increase at all
(Figure 2d).
In the case of the HYALs, HYAL-1, and -2 had a tendency
towards increased expression in HaCaT cells 3-hour post-
irradiation (Figure 2a), whereas no change in HYAL1-3
mRNA expression was subsequently observed 24 hours
following UVB irradiation (Figure 2c). Again, fibroblasts
exhibited a dramatically different response. HYAL-1 and
HYAL-2 mRNA levels were drastically decreased 3-hour
post-irradiation (Figure 2b), but strikingly HYAL-2 and HYAL-
3 mRNA expression was subsequently markedly increased
24-hour post-irradiation (Figure 2d). Human skin also
demonstrated an increase in expression of HYAL-1 and
HYAL-3 24 hours following irradiation with 2minimal
erythema dose (MED) (Figure 2e).
The difference in response of HaCaT cells and fibroblasts
to UVB is further illustrated when the kinetics of expression of
HAS-2 and HYAL-1 are examined more closely. Whereas
HAS-2 mRNA levels in HaCaT cells had already increased
6 hours following UVB irradiation, in fibroblasts HAS-2 levels
remained decreased at this time point (Figure 3a). A slower
regulation of mRNA levels in fibroblasts was also seen for
HYAL-1, HAS-1, and HYAL-2 (Figure 3b).
These data together suggest two important conclusions.
First, the major cell types from the dermal and epidermal
compartments (fibroblasts and keratinocytes, respectively)
respond differently to UVB irradiation in terms of their ex-
pression of HA metabolizing enzymes. Second, the expres-
sion patterns of HA metabolizing enzymes in these cells vary
dramatically at different time points post-irradiation.
UVB-induced effects on expression of HA metabolizing
enzymes are in part mediated indirectly
Acute UVB irradiation induces keratinocytes to produce
cytokines and growth factors, many of which have been
shown to influence HA metabolism (Lee et al., 1997;
Pasonen-Seppanen et al., 2003; Yamada et al., 2004;
Averbeck et al., 2006). In contrast to UVA which efficiently
penetrates the human skin, only about 5% of UVB is thought
to reach the dermal compartment (Bruls et al., 1984), we
speculated that humoral factors produced by keratinocytes
might also contribute to the UVB-induced changes in
expression of HA metabolizing enzymes observed in human
skin. To determine whether this might be the case, the culture
media of non-irradiated HaCaT and fibroblast cells was
removed and was substituted by conditioned medium from
HaCaT cells irradiated 24 hours previously with UVB. In the
non-irradiated HaCaT cells, only a slight regulation of HA
metabolizing enzymes was observed in response, with HAS-1
being the only enzyme that was marginally regulated by
factors produced by the irradiated HaCaT cells (Figure 4a). In
contrast, fibroblasts responded to the HaCaT conditioned
medium with a upregulation of HAS-1, HYAL-2, and HYAL-3
(Figure 4b). These data therefore suggest that part of the UVB
response of fibroblasts in the skin in terms of altered
expression of HA metabolizing enzymes might be due to
UVB-induced factors produced by keratinocytes.
UVB exerts cell-specific effects on free HA levels dependent on
the time post-irradiation
To determine what effect changed levels of the HAS and
HYAL enzymes has on net HA levels produced by cells
before and after UVB irradiation, ELISA analyses of culture
media were performed. The baseline HA production in non-
irradiated HaCaT cells (Figure 5a and c) was more than 5-fold
lower than that in non-irradiated fibroblasts (Figure 5b and d).
This is commensurate with the markedly higher mRNA levels
observed for HAS-1 and HAS-2 in fibroblasts compared to
HaCaT cells, with both cell types expressing equivalent levels
of HYAL mRNA expression (Figure 1c). Three hours following
UVB irradiation, both cell types demonstrated a considerable
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Figure 4. Differential effects of UVB irriadiation on HA metabolism are
indirectly mediated. mRNA expression of HA metabolizing enzymes in (a)
HaCaT cells or (b) fibroblasts whose culture media had been substituted
for 6 hours with conditioned medium from HaCaT cells collected 24 hours
following 30 mJ/m2 UVB irradiation. mRNA expression was normalized to
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from at least three independent experiments. Indicated P-values result from
paired t-test analysis.
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reduction in net HA production (Figure 5a and b). However,
free HA was dramatically increased in HaCaT supernatants
24-hour post-irradiation (Figure 5c), whereas free HA in
fibroblast supernatants remained decreased relative to non-
irradiated controls (Figure 5d).
These data suggest that the changed expression patterns of
the HAS and HYAL enzymes in response to UVB observed in
the quantitative reverse transcribed PCR studies had several
effects on net free HA. First there was an initial reduction in
free HA 3-hour post-irradiation for both keratinocytes and
fibroblasts. Subsequently, free HA produced by keratinocytes
showed a net increases 24-hour post-irradiation relative to
non-irradiated levels, whereas fibroblast-derived free HA
remained suppressed.
Acute UVB irradiation induces HA accumulation in human
epidermis but not in dermis
The previous experiments suggest that 24 hours following
irradiation, the effect of UVB is to increase the amount of free
HA produced by keratinocytes, the major cells of the
epidermis, whereas free HA produced by dermal fibroblasts
is decreased. Differences might therefore be expected to be
observed in the relative amounts of HA found in the in dermis
and epidermis following UVB irradiation. To determine
whether this is the case, we examined HA levels in UVB-
irradiated and non-irradiated human skin. Human skin
sections were immunohistochemically stained with biotiny-
lated hyaluronan binding protein, a protein that binds to HA.
An increased epidermal HA staining was observed compared
to the non-irradiated control 24 hours following UVB
irradiation (Figure 6, upper panel). On the other hand, the
dermal compartment rather displayed a decreased HA
staining (Figure 6, upper panel). Specificity was determined
by prior HA digestion with HYAL (Figure 6, lower panel).
These data therefore support that notion that 24 hours
following UVB irradiation, increased levels of HA produced
by keratinocytes are present in the epidermis, whereas HA
levels in the dermis are reduced owing to suppressed HA
production by dermal fibroblasts.
Acute UVB irradiation alters the quality of HA in human skin
HA has different effects depending on the length of the
polysaccharide, with small HA oligomers exerting a number
of biological activities not observed for larger HA molecules
(Noble, 2002; Termeer et al., 2002; Taylor et al., 2004). UVB
generates reactive oxygen species, which have been demon-
strated to produce small HA fragments (Uchiyama et al.,
1990; Agren et al., 1997; Deguine et al., 1998; Hawkins and
Davies, 1998), suggesting that bioactive HA oligomers might
be produced in response to UVB, possibly contributing to the
biological consequences of irradiation. To examine these
issues, we employed intradermal microdialysis limited by a
100 kDa filter cutoff to sample the dermal fluid in irradiated
and non-irradiated human skin and analyzed the HA content
(Averbeck et al., 2006).
As a consequence of initial tissue trauma caused through
catheter placement, a mean concentration of HA with a
molecular weight lower than 100 kDa of 18.9175.294 ng/ml
was determined by ELISA in the microdialysis fluid sampled
between 0 and 8 hours (Figure 7a). The HA concentration
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Figure 5. UVB exerts cell-specific effects on free HA levels dependent on the
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(a) 3 hours or (c) 24 hours following 30 mJ/m2 UVB irradiation. HA secretion
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Figure 6. Acute UVB irradiation induces HA accumulation in human
epidermis but not in dermis. Immunohistochemical staining of HA in human
skin exposed to 2MED UVB (177.8735 mJ/cm2) and sham-irradiated
control skin from the same individual and from a similar location was
performed using biotinylated hyaluronan binding protein and visualized using
the avidin-biotin complex technique (red color). Specificity was determined
by prior HA digestion of tissue sections with HYAL (bottom row). Data is
representative of five individuals.
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decreased to 4.80971.264 ng/ml in microdialysis samples
taken at later time points (16–24 hours) (Figure 7a). In
microdialysis samples taken 16–24-hour post-UVB irradia-
tion, a significant increase in HA with a molecular weight
lower than 100 kDa was observed (95.85740.09 ng/ml),
despite high inter-individual variation (Figure 7a).
To investigate whether small HA oligomers were gener-
ated in the human dermis by UVB irradiation, we used FACE
analysis. FACE analysis of microdialysis fluid sampled
between 16 and 24 hours revealed several bands. These
bands could not unequivocally be assigned to HA oligomers
(Figure 7b). Pretreatment of the samples with HYAL did not
change the pattern of bands (data not shown), suggesting that
the signal obtained with these samples is not owing to HA,
but rather to other glycosaminoglycans in the microdialysis
fluid or to ghost bands caused by the dramatization process.
FACE analysis of fibroblast-conditioned culture media re-
vealed no HA oligomers, although these could be generated
by prior addition of HYAL for 6 hours (Figure 7c). These data
therefore suggest that although exposure of skin to UVB
irradiation resulted in an accumulation of HA molecules with
a molecular mass of less than 100 kDa, there was no
substantial production of HA oligomers.
DISCUSSION
Local control of cell–extracellular matrix interactions has
potential therapeutic application in wound healing, as well as
in anti-aging and regeneration strategies. A comprehensive
understanding of extracellular matrix metabolism is therefore
required, and in particular the influence of environmental
hazards. Here we report the first comprehensive analysis of
HA metabolism in the skin subsequent to acute UVB
exposure. We found that UVB has different effects on HA
metabolism in the dermal and epidermal compartments, and
that these effects show considerable temporal variation
during the 24-hour period following irradiation. Taken
together, our data are consistent with the conclusion that
following a transient uniform reduction in HA levels,
UVB induces enhanced HA synthesis in both the dermal
and epidermal compartments 24-hour post-irradiation
with concomitantly enhanced HA turnover in the dermal
compartment.
Our results demonstrate that UVB has major direct effects
on the expression of anabolic and catabolic enzymes that
regulate HA levels in fibroblasts and keratinocytes, the main
cellular components of the dermis and epidermis, respec-
tively. Furthermore, factors produced and secreted by
keratinocytes in response to UVB also affect expression of
these enzymes in fibroblasts, suggesting that UVB irradiation
of the epidermis could also indirectly affect HA metabolism
in the dermal compartment. Although it should be remem-
bered that mRNA levels do not neccesarily reflect enzyme
activity, there was a net reduction in expression of HAS and
HYAL in fibroblasts 3-hour post-irradiation. The situation
with HaCaT cells at this time point was less clear-cut,
with a trend towards upregulation of HAS-1, HAS-3, HYAL-1,
and HYAL-2. However, 24-hour post-irradiation, HAS-1
and -2 expressions were substantially increased in fibroblasts,
concomitant with upregulated HYAL-2 and -3. Furthermore,
conditioned medium from irradiated HaCaT cells also
increased expression of HAS-1, HYAL-2, and HYAL-3 in
fibroblasts. In HaCaT cells, upregulation of all three
HAS enzymes was observed at this time point, but no
increased expression of HYAL genes above non-irradiated
controls was detected. In human skin, a net increase in both
HAS and HYAL gene expression was observed 24-hour post-
irradiation.
The complex expression patterns of the HAS and HYAL
genes in response to UVB must reflect changes in transcrip-
tional regulation at the promoter level. UVB irradiation
induces a strong but transient expression of the immediate
early family of genes that includes transcriptional regulators
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Figure 7. Acute UVB irradiation alters the quality of hyaluronan in human
skin. (a) For dermal microdialysis, a 100 kDa cutoff catheter was placed
intradermally at 1 mm depth in the ventral forearm as controlled by 20 MHz
ultrasound. Twenty-four hour following catheter placement, 2MED
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during the interval 18–24-hour post-UVB exposure. MF pre UVB represents
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such as c-fos and c-jun (Devary et al., 1991; Garmyn et al.,
1991). It is therefore interesting to note that the HYAL-1 and
-2 promoters have multiple AP-1 response elements which
are activated by c-fos and c-jun (Formby and Stern, 2003).
Thus transient expression of c-fos and c-jun in response to
UVB may account for the transiently increased expression of
HYAL-1 and -2 observed in keratinocytes 3-hour post-
irradiation but not 24-hour post-irradiation. However, in-
creased expression of HYAL-1 and -2 was not observed in
fibroblasts 3-hour post-irradiation (Figure 2b), suggesting that
other regulatory factors are also involved.
Levels of free HA were found to be reduced 3-hour post-
UVB irradiation in both fibroblast and HaCaT cell cultures. In
contrast, increased HA levels were detected in keratinocyte
cultures and in the skin epidermis 24-hour post-irradiation,
whereas HA levels remained reduced in fibroblast cultures
and in the skin dermis. The increased level of HA in human
epidermis is most likely owing to increased HA synthesis (as
evidenced by increased mRNA levels of HAS-1, -2, and 3 in
skin and HaCaT cells) and not by decreased degradation, as
no decrease in HYAL expression above non-irradiated control
was observed in HaCaT cells 24-hour post-irradiation. The
decreased dermal HA content seems to result from the net
effects of increased expression of both HAS and HYAL
enzymes 24-hour post-irradiation in fibroblasts as well as in
human skin. HAS-1 and -2 expression is elevated to a much
lower extent than in HaCaT or total human skin, although this
needs to be set against the higher baseline levels of HA
produced by fibroblasts (almost 5-fold higher than in HaCaT
cells). However, a net decrease in HA levels owing to
degradation of HA in fibroblasts 24 hours after UVB irradia-
tion is indicated by increased HYAL-2 and HYAL-3 mRNA.
Together these data suggest that synthesis and concomitant
degradation of HA occurs in the dermal compartment. The
reduced levels of HA in irradiated dermis are therefore likely
to be owing to rapid clearance of the degraded HA. This
notion is supported by the observation that increased
amounts of HA fragments with a molecular weight of less
than 100 kDa were detected in dermal microdialysis fluid
24-hour post-irradiation. The dermal compartment has access
to the lymphatic system, and therefore rapid clearance of
low molecular weight HA is conceivable. Additionally, HA
binding/uptake capacity mediated by surface CD44 has been
suggested to be the limiting step for local HA degradation
(Knudson et al., 2002). As fibroblasts exhibit a substantially
higher CD44 expression than keratinocytes and HaCaT cells
(data not shown), a faster local HA clearing might also play a
role. The increased low molecular weight HA in dermal
microdialysis fluid but decreased total HA in the dermal
compartment therefore reflects dermal HA catabolism in
acute UVB-induced inflammation.
In principle, the UVB-induced HA fragments with
molecular weight of less than 100 kDa found in dermal
microdialysis fluid could originate in several ways. HAS-3
has been demonstrated to produce initially HA of 70–100 kDa
(Itano et al., 1999). However, HAS-3 induction in fibroblasts
was not observed. Moreover, basal and cytokine-stimulated
HA production in human keratinocytes has been demon-
strated to be high molecular weight HA (Tammi et al., 1994;
Sayo et al., 2002). This indicates that the HA fragments of less
than 100 kDa elicited by UVB are most likely generated
either by enzymatic or by oxido-reductive mechanisms that
degrade HA. HYAL-2 has been demonstrated to generate HA
fragments of 10–20103 Da (Lepperdinger et al., 2001;
Noble, 2002), and an increase of HYAL-2 expression was
detected in fibroblasts. However, a predominantly intra-
cellular localization of HYAL-2 that depended on the cell
type was recently reported (Chow et al., 2006). Small HA
oligomers could not be unequivocally detected in micro-
dialysis fluid during sterile UVB-induced inflammation.
Degradation by external HYALs, for example, from bacteria,
seems unlikely. Degradation of HA by HYAL-2 during UVB-
induced inflammation therefore seems to be the most likely
mechanism by which the HA fragments o100 kDa found
in dermal microdialysis fluid were generated. The lack
of evidence for the production of HA oligosaccharides
in response to UVB irradiation of the skin suggests that
these oligosaccharides do not play any significant role in
UVB-induced responses in the skin.
Although in vitro fibroblasts clearly respond directly to
UVB by regulating expression of HAS and HYAL genes,
because only around 5% of UVB irradiation reaches the
dermis (Bruls et al., 1984), soluble factors released by
keratinocytes might play a major role in regulating HA
metabolism in the dermis. Except for upregulation of HAS-2,
conditioned media from irradiated HaCaT cells exerted
exactly the same effect on fibroblasts in terms of expression
of HA metabolizing enzymes as did direct UVB irradiation.
The lack of HAS-2 upregulation by soluble factors produced
from irradiated epidermal cells might therefore be an
additional reason for decreased dermal HA 24 hours follow-
ing UVB-induced inflammation. UVB-induced inflammation
is mainly a cytokine-driven immune response (Lee et al.,
1997; Garssen and van Loveren, 2001; Pasonen-Seppanen
et al., 2003; Averbeck et al., 2006). For example, we have
previously shown that tumor necrosis factor-a and IL-1b are
induced following UVB exposure (Averbeck et al., 2006).
These studies suggest that cytokines are likely to be the main
soluble factors produced by irradiated epidermal cells that
might regulate expression of HA metabolizing enzymes in the
dermis. HA itself can be ruled out, as HA levels in HaCaT
supernatants 24-hour post-irradiation were found to be
equivalent to HA levels produced by fibroblasts following
24 hours of culture.
The different kinetics of regulation of expression of HAS
and HYAL genes might reflect a faster regenerative capacity
following acute UVB irradiation of the epidermis compared
to the dermis. In fibroblasts, expression levels of HAS-1,
HYAL-1 and HYAL-2 were decreased 3 hours following UVB
irradiation, whereas in HaCaT cells, HAS-1, HYAL-1, and
HYAL-2 had a tendency to be elevated. Furthermore, HAS-2
mRNA levels in HaCaT cells were normal to slightly elevated
6 hours following UVB irradiation, whereas in fibroblasts the
mRNA levels for HAS-2 were still far below those of non-
irradiated controls. Moreover, expression of HAS-1, HYAL-1,
and -2 in fibroblasts was also regulated more slowly
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compared to HaCaT cells. Thus, not only HA degradation
and clearing, but also the initial decrease in HA synthesis
seem to be an important regulatory response to inflammation.
Such a J-shaped dose–response is known in radiation biology
and fits into the concept of hormesis, that is, a stimulatory
effect induced by low doses of an agent, that cannot be
predicted by the extrapolation of detrimental or lethal effects
induced by high doses of the same agent (Macklis and
Beresford, 1991). This may be particularly important in
wound healing, because decreased HA is associated with
increased scar formation (Sawai et al., 1997; West et al.,
1997; Mackool et al., 1998). The different time course of
regulation may also explain the increase of HYAL-1 expres-
sion in human skin that could be detected in HaCaT cells and
in fibroblasts at early time points but not 24 hours following
UV irradiation.
In summary, our data demonstrate that changes in HA
metabolism occur during acute UVB-induced inflammation,
and that these are differently regulated in the epidermis and
dermis. These different spatial and temporal effects on HA
metabolism in skin compartments may well be relevant to
other inflammatory conditions. The findings we report here
open up new avenues for therapeutic intervention in wound
healing and skin regeneration.
MATERIALS AND METHODS
Cell culture
Human skin was obtained from foreskin circumcision operations of
infants aged 3–6 years following informed consent of the parents.
This study was approved by the institutional review board of Leipzig
University. Subconfluent monolayers of human dermal fibroblasts
were obtained by outgrowth from skin sections. For monolayer
cultivation, trypsinized fibroblasts were grown in DMEM (Biochrom,
Berlin, Germany) supplemented with glutamine (1 , Invitrogen,
Karlsruhe, Germany), penicillin G (50 U/ml; Gibco/Invitrogen,
Karlsruhe, Germany), streptomycin (50 mg/ml; Gibco/Invitrogen),
2 mmol/l L-glutamine (Gibco/Invitrogen), 0.1 mmol/l MEM non-
essential amino acids (Gibco/Invitrogen) and 10 or 1% fetal bovine
serum (PAN Biotech, Aidenbach, Germany). Cells were incubated in
a humidified atmosphere of 5% CO2 at 371C, grown to 80–90%
confluency and used until the fifth to sixth passage. HaCaT cells
were cultivated under the same conditions as described above.
Supernatants of HaCaT cell cultures were collected 24 hours
following either UVB irradiation or mock treatment, centrifuged at
1,000 g, then stored at 201C until required.
UV irradiation
Before UVB irradiation, subconfluent monolayers were cultivated for
12 hours in DMEM supplemented with 1% fetal bovine serum. For
UVB treatment, culture medium was removed from the subconfluent
cells and retained. The cells were washed with phosphate-buffered
saline (Gibco, Paisley, Scotland, UK), irradiated while under a thin
film of phosphate-buffered saline, then recultivated with their
original medium thereafter. Following UVB exposure, the cultures
were further cultivated for either 3 or 24 hours. The UVB source was
a parallel bank of four TL20/12 tubes (Philips, Hamburg, Germany)
emitting a continuous spectrum between 280 and 320 nm with a
peak emission at 312 nm, placed 46 cm above the cells. To
correspond to the MED, UVB doses of 15, 30 and 37.5 mJ/cm2
were applied. Preliminary testing determined no dose–response
effects and no effect on cell viability as measured by propidium
iodide staining with subsequent FACS analysis.
Human skin biopsies
Gluteal skin biopsies in acute UVB-induced inflammation were
obtained from 5 healthy volunteers (three women, two men of 26.7
years78.3; skin type I–II) receiving no medication or topical
treatment. All subjects gave their informed consent according
to the Declaration of Helsinki Principles. The study was
approved by the Local Ethics Committee of Leipzig University (No.
238/2004). Before taking the biopsies, the individual MED for UVB
was determined by applying six increasing doses of UVB
(290–315 nm, Waldmann UV 801, Villingen-Schwenningen, Ger-
many) to the back, ranging from 15 to 145 mJ/cm2. A gluteal area
was irradiated 24 hours later with the individual two-fold MED
of UVB (177.8 mJ/cm2735). Following a further 24-hour period,
a 6 mm punch biopsy was taken from the irradiated area, together
with a corresponding non-irradiated control biopsy from the
same dermatome. Each biopsy was halved and either conserved
in RNAlaterTM (Qiagen, Hilden, Germany) or snap frozen in
liquid nitrogen.
Dermal microdialysis
Microdialysis experiments were performed as described previously
(Averbeck et al., 2006). The catheter used in all experiments was the
commercially available sterile CMA 60 catheter (Axel Semrau
GmbH, Sprockho¨vel, Germany) customized with a 30 mm poly-
ethylensulphone 100 kDa cutoff membrane. Following an initial
flush for 5 minutes at a flow rate of 15 ml/minutes, the membrane was
perfused with Ringer’s solution (Naþ 147 mmol/l, Kþ 4 mmol/l,
Ca2þ 2.25 mmol/l, Cl 155.5 mmol/l, pH5–7, osmolarity 309 mosM/
l) at a constant flow rate of 0.3ml/minutes using the CMA 107
microdialysis pump. The microdialysis catheter was inserted into the
ventral forearm. Specifically, following anesthesia for 45 minutes
with lidocaine-ointment (EMLAs, AstraZeneca, Wedel, Germany)
the catheter was placed intradermally with an allocated guide
cannula at a depth of 0.8–1.2 mm (1093 mm7203.6 (n¼ 5) control-
led by 20 MHz ultrasound (DUB-20, tpm, Lu¨neburg, Germany).
Samples were fractionated in micro vials (CMA) every 8 hours and
immediately frozen at 201C.
Quantitative reverse transcribed PCR
Total RNA was prepared from cells following standard procedures
using the Rneasy kit (Qiagen). RNA from skin biopsies was prepared
using TrizolTM reagent (Invitrogen) and homogenization with a
rotorstator homogenizer T25basic (IKA, Staufen, Germany). First-
strand cDNA synthesis was performed with 1mg of total RNA from
each sample using Moloney-murine leukemia virus reverse trans-
criptase according to the manufacturer’s instructions (Promega,
Mannheim, Germany) and a GeneThermTM thermocycler (Pharma-
cia, Freiburg, Germany). The complementary DNA equivalent of
20 ng of total RNA was amplified on a Rotorgene 3,000 cycler
(Corbett Research, Sydney, Australia). Each reaction mixture
contained a 1:50,000 dilution of SYBR green I (Molecular Probes/
Invitrogen, Karlsruhe, Germany) 2,500 in dimethyl sulfoxide
(Sigma, Steinheim, Germany), 0.25 mmol/l dNTP mixture (Bioline,
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Luckenwalde, Germany), 0.5 mmol/l forward and reverse primers
(MWG-Biotech, Ebersberg, Germany), 0.5 U GenThermTM DNA
polymerase (Rapidozym, Berlin, Germany), 2.5 mmol/l MgCl2
(Rapidozym) and 2 ml of 10 PCR buffer (Rapidozym). The
amplification consisted of initial denaturation (951C, 5 minutes),
followed by 40 cycles of 951C (10 seconds), annealing at 601C
(20 seconds), extension 721C (45 seconds), and fluorescence mea-
surement at 801C (15 seconds). Following amplification, melt
analysis was performed by heating from 70 to 951C. Primers with
the following sequences were used: rps26 (AB007160): forward:
50-GCAGCAGTCAGGGGACATTTCTG-30, reverse: 50-TGCTTCCCA
AG-CTGTATGTGAA-30. HAS-1(U59269): forward: 50-CGCTAACT
ACGTCCCTCTGC-30, reverse: 50-CCATGTTGACGCTGTACTGG-30.
HAS-2(U54804) forward: 50-CCTCATCATCCAAAGCCTGT-30, re-
verse: 50-AAACAGTTGCCCTTTGCATC-30. HAS-3(BC021853): for-
ward: 50-GTCAGTGGTCACG-GGTTTCT-30, reverse: 50-ATTGGC
CTCATTCCTGTGTC-30. HYAL-1(U90094): forward: 50-CAGAGCC
GTGCCCTCTATC-30, reverse: 50-ACTTTCTGCCCCTGGATGA-30.
HYAL-2(AJ000099): forward: 50-CTCACGGGGCTTAGTGAGAT-30,
reverse: 50-GTGGTCAATGTGTCCTGGG-30. HYAL-3 (AF040710):
forward: 50-CCTCCAGTGCCCTCTTCC-30, reverse: 50-CTGTCCCA
GGATGACCTTGT-30. The specificity of each primer was ensured by
Basic Local Alignment Search Tool analysis and visualization of the
PCR products on ethidium bromide-stained agarose gels. The rps26
was used as a reference gene as described earlier (Vincent et al.,
1993). Expression of rps26 did not change in response to the UVB
treatments applied (data not shown). The relative level of each
mRNA was calculated on the basis of dCt values. Genes were
normalized to rps26 and the fold change of gene expression was
calculated compared to the non-irradiated controls taking the
reaction efficiency of each sample into account (Pfaffl et al.,
2002). The reaction efficiency was determined with a cDNA dilution
series.
ELISA assays
Microdialysis fluid and supernatants from irradiated and non-
irradiated fibroblast and HaCaT cultures were collected at the
indicated time points. The HA content was determined using
an ELISA assay (Corgenix, Peterborough, UK). The ELISA
assays were performed according to the manufacturer’s instructions,
with a sample dilution of 1:10. ELISA readings were measured
at an extinction of 450 nm with a SynergyHT Reader and analyzed
using the KC-Pro Software (both Biotek, Bad Friedichshall,
Germany).
Immunohistochemistry
Snap-frozen human skin biopsies were thawed in 4% paraformalde-
hyde fixing solution. Subsequent to fixation, the biopsies were
submerged in 30% sucrose. Sections were fixed again with ice-cold
acetone and dried. Thereafter, the sections were incubated with 1%
BSA in phosphate-buffered saline (blocking buffer) for 30 minutes at
room temperature, followed by overnight incubation at 41C with
3mg per milliliter of biotinylated HA binding protein (Seikagaku,
Tokyo, Japan) in blocking buffer. After washing with phosphate-
buffered saline, the bound biotinylated hyaluronan binding protein
was visualized using avidin–biotin complex technique according to
manufacturer’s protocol (Supersensitive Multilink AP Ready-to-use
Detection system, Biogenix, San Ramon, CA). Bound proteins were
detected colorimetrically using the New Fuchsin substrate system
(Dako, Hamburg, Germany). The sections were counterstained with
Mayer’s hematoxylin for 2 min, washed, dehydrated, and mounted
in DePex (BDH Laboratory Supplies, Poole, England). The specificity
of the staining was controlled by preincubating the sections with
100 U of HYAL SD (Seikagaku) for 3 hours at 371C to remove HA
from the tissue.
FACE
FACE analysis was performed essentially as described by Calabro
et al. (2000). Briefly, 100 ml samples were dried in a vacuum dryer
(Speed Vac, Ramsey). Afterwards, samples were derivatized by
addition of 20 ml of 12.5 mM 2-Aminoacridone-HCl (Invitrogen,
Molecular Probes, Leiden, The Netherlands) in 85% (v/v) DMSO/
15% (v/v) glacial acetic acid (both Fluka, Selze, Germany) and
subsequently incubated for 15 minutes at room temperature. Next,
20 ml 1.25 M sodium cyanoborohydride (NaBH3CN) (Sigma) was
added, followed by incubation for 16 hours at 371C. Samples were
then dried again in a vacuum dryer. A 10 ml aliquot of glycerol
(Sigma) was added to each sample before 5ml were loaded onto a
MONOTM composition gel (Prozyme, San Leandro). Electrophoresis
was performed with a current of 30 mA (50 W, 1200 V). Gel analysis
was performed using a FACE-Imager and analytical software (both
Prozyme, San Leandro). As a standard, disaccharides of HA and
chondroitinsulfate were used (di-HA, hyaluronan; di-OS, di-UA2S,
and diSB, chondroitin sulfate disaccharides) (Dermato-Hyalo-Kit,
Seikagaku, Tokyo, Japan). HA oligosaccharides of different sizes
(4-, 6-, 6-, 10-, and 12-mer) were kindly provided by M. Tammi,
Department of Anatomy, University of Kuopio, Finland. In some
experiments samples were preincubated with HYAL SD (Seikagaku).
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